ABSTRACT: Stocking of artificially propagated fish has been adopted by many endangered fish recovery programs as a key component of their recovery plans. However, quantifying successful recruitment of individuals to the adult population is difficult, especially in long-lived species. To evaluate the effect of the rearing environment on recruitment in the native environment, we compared post-stocking survival of the endangered June sucker Chasmistes liorus reared under conventional hatchery practices to those reared in 2 reservoirs. We used logistic regression analysis to compare patterns of survival among populations including total length and condition at the time of stocking as continuous covariates. The estimated probability of survival for reservoir-reared fish from Red Butte and Camp Creek Reservoirs was 0.19 and 0.05, respectively, compared to 0.05 for hatchery-reared fish. Length and condition were positively related to post-stocking survival. On average, reservoirreared fish performed better than hatchery-reared fish. It is not clear what mechanism led to increased survival for the Red Butte source, but several studies have demonstrated the importance of acclimation to the physical environment and the threat of predation. We suggest that augmentation procedures would produce more recruits to the adult population if they incorporate grow-out or at least acclimation in more natural environments than that provided by hatcheries prior to release in Utah Lake.
INTRODUCTION
Many species of fish have exhibited dramatic population declines over the last 2 centuries (Moyle & Leidy 1992 , Bruton 1995 , Leidy & Moyle 1997 , Ricciardi & Rasmussen 1999 . In general, population decline can be attributed to overexploitation, habitat degradation and loss, and introduction of non-native species. In response, conservation actions have included restriction of harvest, habitat restoration, non-native species control, and artificial propagation and repatriation programs. However, in many instances adequate monitoring programs are not in place, and the effectiveness of a given management activity often is not clearly understood (Anders 1998 , Palmer et al. 2005 .
Many recovery programs for threatened or endangered fishes include artificial propagation and repatriation of large numbers of fish to rapidly bolster depleted populations (Hard et al. 1992 , Kohler 1995 , Ireland et al. 2002a . Artificial propagation can be intense, as exemplified by typical raceway fish hatchery methods used in more common sport fishery programs; an alternative is the use of natural or seminatural ponds or reservoirs that more closely resemble the species' natural environment.
However, recovery programs not only differ in purpose from more traditional fish culture programs, but often the life histories of many imperiled species differ greatly from species typically reared with artificial propagation. For example, traditional hatchery programs are typically targeted for short-term results, i.e. put-and-take programs with turnover rates of less than 1 yr. In contrast, many imperiled fishes, e.g. sturgeon (Ireland et al. 2002b) , can live for decades and require much more time to accurately assess the effectiveness of repatriation efforts. These and other differences may require that rearing strategies for long-lived fish be distinct from more traditional methods.
The use of hatchery facilities gives the manager a greater degree of control over the population, but there are also drawbacks to such an approach, which can include unintended genetic, behavioral, physiological, and morphological effects that may reduce the viability of individuals once released into the wild (Meffe 1986 , Ryman & Laikre 1991 , Le Vay et al. 2007 ). Reduced fitness and performance among hatcheryreared individuals has been observed in several species (Unwin 1997 , Berejikian et al. 2001 , Davis et al. 2004 . As individuals become acclimated to an artificial environment they may exhibit divergent traits from those exhibited in a natural environment (Belk et al. 2008) . In comparison, natural environments may provide relatively better acclimated individuals, but managers have less control over conditions in these systems, and such systems may require more effort and resources to retrieve the fish for repatriation.
For repatriation efforts, the most important metric of success is the number of individuals that recruit into the adult (i.e. reproducing) population (Le Vay et al. 2007 ). Other metrics, such as total number of fish stocked, are useful in assessing the effectiveness of rearing methods, but consistent recruitment is the key indicator of a successful augmentation and recovery program (Gerber & Hatch 2002) . How well individuals from different rearing environments survive once stocked into a natural system in comparison to each other is unknown in many cases, but it is essential when evaluating recovery efforts to understand the relative efficiency of various methods (Stoskopf 1995) .
Population augmentation from hatchery-raised individuals is an important component of the recovery plan for the endangered June sucker Chasmistes liorus (Catostomidae). The species was listed in the USA as federally endangered in 1986 due to low population numbers (estimated to be less than 400 spawning individuals) and a severely restricted range with numerous threats (USFWS 1999 , Cooke et al. 2005 . Main components of the recovery plan include habitat enhancement, augmentation of the wild population with a large number of hatchery-raised individuals, and establishment of at least 2 refuge populations (USFWS 1999).
June sucker are endemic to Utah Lake, UT, USA, a shallow, freshwater remnant of the ancient Lake Bonneville. They are long-lived (maximum age: > 40 yr), and sexual maturity occurs at approximately 6 to 10 yr of age, after which growth of individuals continues albeit at a lower rate (Scoppetone & Vinyard 1991 , Belk 1998 . Adults attain lengths up to 600 mm (Whitney & Belk 2000) . The common name is derived from the fact that the annual spawning run occurred historically during June (Jordan 1891) . Historic spawning locations may have included many of the major tributaries to the lake, but current spawning is restricted to the lower portion of the Provo River.
Stocking to augment the wild population in Utah Lake has been ongoing since 1994 from a variety of sources; however, the success of these efforts has not been evaluated. Given the extended time to maturity in June sucker, data on successful recruitment to the adult population has only recently become available. We used return data to the spawning run in the Provo River over a 12 yr period to determine the effect of rearing environment (hatchery versus reservoir), body size, and condition on comparative survival and recruitment to the adult population in Utah Lake.
MATERIALS AND METHODS
Study sites. Utah Lake is at an elevation of 1368 m with a total surface area of 39 214 ha and an average depth of 2.8 m (Fuhriman et al. 1981) . The lake is a shallow basin-bottom lake, and as such tends to be turbid with no stratification. All major tributaries have been dammed or are significantly diverted during the summer months, but the lake also receives some input from springs. Currently the fish fauna of Utah Lake is dominated by introduced carp Cyprinus carpio, white bass Morone chrysops, and black bullhead Ictalurus melas (Heckmann et al. 1981) . June sucker are 1 of 2 native species (of 13 native species historically) remaining in the lake, the other being Utah sucker Catostomus ardens (Andersen et al. 2007 ).
The Fisheries Experiment Station (FES), located in Logan, UT, is operated by the Utah Division of Wildlife Resources (UDWR) and has been used for the recovery of June sucker since 1991. Individuals to be kept and used for brood stock were collected by UDWR through streamside spawns beginning in the late 1980s (Andersen et al. 2007) . Fish maintained at the FES were segregated based on family lots, and so densities varied across tanks. Fish in this study reared at this facility were kept in 500 gallon (ca. 1875 l) circular tanks or rectangular troughs with a flow-through system on artesian well water at 15.6°C (Andersen et al. 2007) . A variety of feeds was used; the most common were pellets such as Nelson's Silver Cup Fish Feed (Nelson & Sons). Informal assessments of stocking success has prompted several improvements in techniques and facilities at FES for June sucker propagation, including an expanded coldwater facility in 2001, development of a June sucker-specific feed, and especially a warmwater facility in 2006. However, no data for fish reared under these improved conditions are available for this analysis given that the first stocking of fish from the new warmwater facility occurred in 2007.
Several locations have been used to establish June sucker refuge populations (Andersen et al. 2007 ). However, repatriation into Utah Lake has only occurred in significant numbers from 2 of these, Camp Creek and Red Butte Reservoirs. Camp Creek Reservoir is a privately owned reservoir located approximately 358 km northwest of Salt Lake City (Box Elder County, UT). The reservoir has a maximum depth of 5 m and approximately 2 ha of surface area (Thompson 2001) . June sucker were introduced into the reservoir beginning in 1987 and have established a self-sustaining population (Andersen et al. 2007 ). Introductions into the reservoir consisted of juveniles that were progeny of individuals collected from streamside spawns and reared at the UDWR hatchery in Springville, UT (USFWS 1999) .
Red Butte Reservoir is located at an elevation of 1639 m in Red Butte Canyon, approximately 2.5 km northeast of Salt Lake City, UT. The reservoir has an average depth of 5.4 m (maximum depth 7.5 m) with a total surface area of 3.0 ha (Billman 2005) . Water temperatures within the reservoir range from 9°to 20°C during the summer (Billman & Crowl 2007) . Aquatic vegetation along the shores was relatively common when the fish were introduced in the early 1990s, but had largely disappeared by 2000. Likewise, a population of large cutthroat trout Oncorhynchus clarki was present when the June sucker were introduced, but had dwindled to a few remaining, but still relatively large, individuals by 2000. A population of June sucker was established in Red Butte Reservoir with progeny taken from streamside spawns as well as surplus brood stock from FES in the early 1990's. This population began to produce sufficient numbers through natural spawning such that transplanting of individuals from the reservoir into Utah Lake became feasible within a decade of its establishment (Andersen et al. 2007) .
Field methods. Multiple stocking events from 3 different sources have occurred in Utah Lake beginning in 1994. However, recapture of stocked individuals varies greatly among the events (Table 1) . We restricted statistical analysis to stocking events that had sufficient recaptures to permit accurate modeling (i.e. 3 stocking events, 1 each from FES, Camp Creek Reservoir, and Red Butte Reservoir). Research and field techniques were conducted according to handling guidelines and procedures as established by the applicable authorities and subjected to review by the scientists comprising the June Sucker Recovery Implementation Program (JSRIP) Technical Committee prior to being implemented.
In 1995, 2873 June sucker, ranging from 54 to 388 mm in total length (TL) except 1 individual which measured 466 mm TL, were stocked into Utah Lake from FES. In 2001, June sucker from Camp Creek Reservoir (n = 904; 160-446 mm TL) and Red Butte Reservoir (n = 700; 200-492 mm TL) were also stocked into Utah Lake. Information on the age structure for the 2 reservoirs is unavailable for these stocking events. Fish from the hatchery ranged in age from 4 to 6 yr, with the majority being 4 yr. All individuals (n = 4477) were measured (TL), weighed (g), and given a Passive Integrated Transponder (PIT) tag prior to stocking. Stocking locations varied within and among stocking events and included Provo River approximately 2 km from the lake, and open water and near shore habitats within Utah Lake. Outliers from the entire dataset, based on length at the time of stocking, were identified using standard techniques (Zar 1999) and excluded, bringing the total number of individuals included in the analysis to 4388. Sixty outliers from FES, 7 from Camp Creek, and 22 from Red Butte were excluded. The majority of outliers from FES appeared to be due to transcription errors of the length values, e.g. misplacement of the decimal point; however, since we do not have specimens to verify data, we opted to exclude these individuals. Total recaptures included in the final dataset, after outliers were removed, included 66 from FES, 248 from Red Butte, and 41 from Camp Creek.
Statistical methods. Parametric logistic regression modeling, using the R package Design (Harrell 2007 , R Development Core Team 2008 , was used to explore the effect of source population, TL, and condition (as represented by relative weight; W r ), on probability of post-stocking survival (Hosmer & Lemeshow 2000 , Harrell 2001 ). Survival was the variable of interest in this analysis, and no distinction was made on the time until recapture or total number of recaptures for individual fish. For example, individuals recaptured for the first time 10 yr after stocking received the same score as individuals recaptured the first year after stocking; each was scored as a '1.' Individuals never recaptured were scored as a '0.' Sex was not included as a factor in the model, because sexes are indistinguishable in juvenile June suckers; therefore, the sex of individuals that were stocked but never recaptured is unknown.
To determine if body condition differences significantly affected survival after stocking, a body condition factor, relative weight (W r ), was calculated for inclusion in the model as a covariate instead of simply untransformed weight. The condition factor was derived by comparing an individual's observed weight to its length-specific expected weight (W s ), as predicted from a linear regression (df = 4388, r 2 = 0.982, p < 0.0001) on all individuals used in this analysis (Wege & Anderson 1978 , Pope & Kruse 2007 . Expected weights of each individual were calculated from the equation log 10 (W s ) = -4.82 + 2.92 × log 10 (TL), back-transformed, divided into the observed weight of each individual, and multiplied by 100 to obtain W r .
Spearman's ρ rank correlation was used as a general-purpose measure of association of the factors (i.e. TL and W r at the time of stocking) with the response variable (survival) to allow for pre-specification of predictor complexity (Harrell 2001) . We then transformed continuous variables using a restricted cubic spline to account for potential non-linearity in the relationship between variables and the survival response (Stone & Koo 1985) . The number of knots used for each variable depended on the available degrees of freedom and the variable's relative importance given Spearman's ρ test (Harrell 2001) .
Based on this analysis, a stronger association existed between survival and TL than with W r (adjusted ρ 2 = 0.11 and 0.02, respectively); therefore, to capture this possible ordering, we allowed the restricted cubic spline of TL to be more complex (knots = 7). Relative weight was assigned 5 knots. Both variables, as well as nonlinear transformations (i.e. restricted cubic spline), were retained in our final model (Table 2) , which significantly described variation in survival based on a drop-in-deviance test (χ 2 = 515.2, df = 12, p < 0.0001). Model performance was evaluated using area under the Receiver Operator Curve (ROC), Somers' rank correlation index (D xy ), and an enhanced bootstrap method that estimates bias in the model due to overfitting or 'optimism' (Enfron & Tibshirani 1993 , Hosmer & Lemeshow 2000 , Harrell 2001 racy), which thereby provides an estimate of bias in the model parameters (Harrell 2001) .
RESULTS
Of the 11 stockings of June sucker that have occurred into Utah Lake from all sources, only 4 have yielded more than 10 total recaptured individuals ( Table 1 ). The remaining 7 have an average recapture rate of 0.2%. In all likelihood, the majority of individuals from the later stockings (after 2003) have not had sufficient time to mature and recruit into the spawning population. Nevertheless, only 1 of these stocking events appears promising (Red Butte Reservoir 2005), from which 294 individuals (3.5%) were captured within 2 yr after stocking.
Logistic regression modeling revealed significant differences of survival among individuals from Red Butte Reservoir compared to those from Camp Creek Reservoir and FES (Fig. 1) . The probability of survival of individuals from Camp Creek Reservoir and FES are identical, odds ratio (OR) = 1.01 (95% confidence interval [CI]: 0.63-1.62). The odds of surviving for an individual from Red Butte Reservoir are 5.07 (95% CI: 3.21-8.03) times greater than individuals from either of the other sources.
Total length at the time of stocking was also an important predictor of survival probability (Fig. 2) . Overall, TL was positively related to survival probability. The OR comparing an individual measuring 302 mm TL, the 75th percentile of lengths of the dataset, to an individual 190 mm TL, the 25th percentile, is 4.77 (95% CI: 2.12-10.76). Although W r was kept in the model based on a drop-in-deviance chi-squared test, the OR comparing the quartiles (92 to 107, respectively) revealed no apparent difference in the odds of survival (1.15, 95% CI: 0.78-1.69). This apparent discrepancy of retaining W r even though the OR appears to show no difference is due to the humped nature of the function, such that the median has higher survival than either quartile.
Indices of reliability and calibration indicate that the model has a high rate of discrimination (ROC = 0.868), suggesting that the model will perform approximately 87% as well on a separate dataset. Somers' rank correlation index produced similar results (D xy = 0.736). However, based on 50 bootstrap replicates, this metric was revealed to be slightly optimistic (0.009), yielding a corrected D xy = 0.729. Comparison between observed and corrected probabilities based on bootstrap replicates of predicted values produced only a 0.02 difference in slope and a maximum error in predicted probabilities of 0.01.
DISCUSSION
Higher survival or return of fish from semi-natural ponds compared to traditionally hatchery-reared individuals has been observed elsewhere, specifically in searun cutthroat trout (Tipping 1998 (Tipping , 2001 , muskellunge Esox masquinongy (McKeown et al. 1999) , and coho salmon Oncorhynchus kisutch (Fuss & Byrne 2002) . The difference of survival or recruitment into the spawning population among fish from our sources is the most important source of variation in this analysis as well. Overall, Red Butte Reservoir exhibited much higher recruitment than the other 2 source populations. Survival probabilities of individuals from Camp Creek Reservoir and FES were indistinguishable from each other.
We recognize that stocking from each source population is unreplicated in our analysis, and that confounding effects (e.g. time) possibly produced the apparent difference in survival among sources. How- ever, given the number of stocking events that have occurred, the years in which they have occurred, and the limited survival for the vast majority ( The mechanisms that contribute to variability in observed survival among source locations in our study are unclear. Differing fish length at the time of stocking among the sources is 1 possibility. However, overall survival probabilities remained significantly different among the sites even after statistically adjusting for length by including it in the model. General genetic differences can also be excluded as a possible reason because all fish in this study were from the same genetic stock. A third possibility is that observed differences reflect differing levels of acclimation unique to individuals from each source location.
Artificially reared fish may lack important antipredator characteristics such as cryptic coloration (Maynard et al. 1995) and predator recognition and avoidance behaviors (i.e. behaviorally deficient; Mirza & Chivers 2000) . There is a growing body of research focused on the training or acclimation of hatcheryreared fish for increased survival (Maynard et al. 1995 , Brown & Day 2002 , Mueller et al. 2003 , Vilhunen 2006 . The increase in the probability of survival of fish longer than 200 mm in our study may indicate that predation of smaller fish is a factor. Introduced species, such as walleye Sander vitreus and white and black bass Micropterus spp., are all probable predators of June sucker up to 200 mm or more. June sucker share an evolutionary history with a predator (Jordan 1891), a lake-dwelling strain of Bonneville cutthroat trout Oncorhynchus clarki utah. Nevertheless, fish from FES and Camp Creek Reservoir were not exposed to predators during rearing. In contrast, fish from Red Butte Reservoir grew in the presence of cutthroat trout.
Similarly, adaptation to an artificial or sufficiently distinct environment, or even simply growth within an unconstrained, benign environment, may produce individuals morphologically or behaviorally maladapted for a more natural lake environment (Huntingford 2004) . For example, Belk et al. (2008) showed that fish from the same family reared in contrasting environments (e.g. hatchery and cages within the lake) exhibited significantly different morphologies. Fish reared in the hatchery had much greater variation both within and among families than did their siblings raised in the semi-natural lake environment. Effects of morphological variation on survival probabilities of June sucker in Utah Lake are unknown, but morphology has been related to performance and survival in other systems (Mesa et al. 1994 , McPeek et al. 1996 , Downes & Shine 2001 . Likewise, artificially-reared fish may be unable to recognize or consume prey (Ersbak & Haase 1983 , Huntingford 2004 .
While the reservoirs are apparently more similar to a natural environment, each differs from Utah Lake and each other in many characteristics such as temperature, turbidity, and zooplankton communities (Thompson 2001 , Billman 2005 ; such differences may contribute to the significant difference in survival probabilities observed between the 2 reservoir sites included in this study. The possibility of maladaptation of reservoir-reared fish for the lake environment remains viable, especially in a long-lived species such as the June sucker. Further research and the creation of selection criteria based on species requirements, considerations of life history traits, and similarity to the natural system for semi-natural ponds may improve the efficiency of using this type of system. Likewise, culture techniques are constantly assessing progress and adapting, even within programs. June sucker rearing facilities have recently made significant changes that may very well improve the survival of hatchery-reared fish, such as using a warmwater recirculation facility and producing a June sucker-specific feed. Given these and future improvements, this analysis will serve as baseline data against which the successes of the future can be compared and refined. In any event, managers of endangered species recovery programs must not only decide if artificial propagation is appropriate for their species, but also by what methods propagation is accomplished. 
